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ABSTRACT
Accurately predicting the airborne spread of infectious diseases is crucial in controlling
the COVID­19 pandemic today. Studies have shown the spread of expiratory droplets
depends on ambient thermodynamic conditions and flow properties of the jet emitted by
the activity. However, the droplet spread in conditions of background flow is not yet
comprehensively understood. This study uses the Eulerian­Lagrangian model with k − ω
turbulence modelling to simulate spread of particles and study the factors affecting it in a
closed environment with a background flow. Respiratory activities are modelled as a
non­isothermal jet of air with droplets suspended in them in a predetermined diameter
distribution. The droplets are allowed to breakup by formation of sheets and evaporate
using standard evaporation models. This forms droplet nuclei which directly influences
the range of spread. Simulations focusing on the near­field and initial transient period of
the respiratory activity show that the orientation and magnitude of background flow
influence the cloud formation characteristics of the droplet laden jet. The presence of
non­zero background flow velocity in the axial direction inhibited cloud formation and
enhanced convective transport of droplets. However, the extent of cloud inhibition due to
background flow in the direction of gravity was reduced. An investigation of the droplet
temperature distribution revealed that the presence of background flow in the direction of
gravity enhanced the cooling characteristics of droplets as opposed to cases with axial
background flow or no background flow at all. Cumulatively, the results of these
simulations is expected to provide researchers with a better understanding of airborne
spread of droplets during the initial transient period of a given respiratory activity thereby
improving the predictive capabilities of reduced order transmission models.
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1. Introduction
Since the beginning of time, human civilization settled and developed in areas with
easy access to the three building blocks of life: clean water, fresh air, and nutritious food.
In areas where there is a dearth of either of these three, efforts were made to transport
them to an area of abundance of the same. Without surprise, the transport of fluids and
understanding their behavior has captured the interest of numerous people. In the days of
yore, they were identified as philosophers and thinkers, while today they are called fluid
dynamicist and scientists.
From a more fundamental perspective, it is wise to notice that we experience a wide
variety of flow phenomena every day. From the motion of the air we breathe and the water
we drink, to controlling the flow rate in the engines of our vehicles using carburetors, the
laws of Fluid Mechanics effectively dictate the outcome of a most events in life today.
Hence, it is of extreme importance to be able to observe, model and predict flow behavior.
This is done with the help of Fluid Mechanics. Thinking deeper about this premise, one
notices that Fluid Mechanics is a vast subject, spanning a wide range of phenomena. On
one hand, we have ‘almost’ homogeneous flow in the top layers of the atmosphere, but the
flow field is ridden with impurities and imperfections as we descend from the exosphere
down into the troposphere and hydrosphere. Each region described above brings along
with it some very interesting problems, the underlying physics of which are not too
different.
Noticing this, mankind set about determining the Laws of Fluid Mechanics solely for
homogeneous flow and quickly, it grew into a subject with wide­reaching applications.
With the advent of the Industrial Revolution, specializations on potential flow,
2
incompressible flow, compressible flow, viscous flow, turbulence, and instabilities came
about. With the invention of the Internal Combustion (IC) Engine, the study of reactive
flows and combustion theory bloomed. This led to scientists discovering that
modifications must be made to the fundamental formulation of the Laws of Fluid
Mechanics, when dealing with flows with multiple species, which may or may not have
similar properties. If they did have similar properties, they could still be treated, at least
for fundamental calculations, as a single unit and were eventually termed ‘Homogeneous
flows’. The other set, where species differed in properties from each other, gave rise to a
whole new topic of study: the dynamics of Multiphase flows.
1.1. Scope of Multiphase Flows
Multiphase flows are seen in most engineering applications today. While a sound and
structured study of multiphase flows with increasing complexities have been attempted,
the sheer vastness of the phenomenon observed makes the effort extremely difficult to
sustain. One convenient way to analyze multiphase flows is to look at the phenomenon as
an amalgamation of the subjects of Fluid Mechanics, Thermodynamics, Transport
Phenomena, and Chemical Kinetics in cases of reactive flow.
As previously stated, the scope of Multiphase flow is vast. In order to understand the
scope of multiphase flows better, it is deemed useful to elaborate on the meaning of
‘species’ used in the above paragraphs. To be able to analyze flows, it is not necessary that
the fluid be homogeneous. It could either be a single fluid in a single phase, or multiple
fluids in a single phase, or single fluid in multiple phases, or finally multiple fluids in
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multiple phases. A matrix of examples with each type of flow would make things much
clearer as seen below.
Table 1.1
Examples of Multiphase Flow Phenomenon
Combination Single Component Multiple Components
Single Phase Flow of air in the atmosphere Boiler Steam­air Mixture
Multiple Phase Capillary flow of Refrigerants Slurry flow in Fluid Beds
Source: Crowe, Schwarzkopf, Sommerfeld, and Tsuji (2012)
From Table 1.1, it can be easy to deduce the amalgamation of physical laws used to
analyze and control the behavior of each of the flows listed above. To elucidate further on
the wide reaching applications of multiphase flows, two other examples are elaborated
upon.
One of the examples places emphasis on a macroscopic phenomenon local to
multiphase flow; the other example emphasizes the various small scale behaviours and
physics associated with viscous instabilities arising due to multiphase flow. The first
example is related to rockets and the need to understand the importance of a certain
multiphase phenomenon to mitigate some crucial threats posed to the attitude dynamics of
spacecrafts. In a way, it also helps develop an appreciation to this multiphase phenomenon
where there is a single fluid involved which is distinctly separated into liquid and gaseous
phases by way of what is known as a ‘Free surface’. The second example is also related to
propulsion; however, it has a far wider relatability in the sense that it is observed even in
IC Engines and Gas Turbine engines. This example deals with the problem of effectively
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converting chemical energy stored in the fuel to flow energy and eventually thrust (or
downward force in IC engines). The underlying physics of atomization and droplet
breakup discussed in the second example leads itself to a logical elucidation of the core
focus of the current work.
1.1.1. The Problem of Sloshing
Liquid propulsion has generally been the go­to mechanism for the propulsion of a wide
variety of rockets and missiles since time immemorial. One of the major advantages of
liquid propulsion is that it provides the system with a higher specific impulse as compared
to solid propellants in addition to providing greater control and flexibility in controlling
the total thrust by way of controlling the mass flow rate (Greatrix, 2012). However, when
compared to a Solid Rocket Motor (SRM), Liquid rocket engines have a much more
complex design and are generally structurally inefficient.
For optimization purposes, it is generally useful to store oxidizer and liquid fuel
separately in liquid rocket engines and then feed them to a high pressure combustion
chamber through a feed system. Further, due to the steadily decreasing quantity of liquid
fuel in the tank, the concept of a ‘free fluid surface’ arises, which leads to the liquid­vapor
interface being able to move in response to the net thrust produced. This phenomenon,
typically termed as ‘sloshing’, can be disastrous to the spin dynamics of the shuttle and its
eventual attitude. Other example where sloshing can have disastrous effects is in ships.
The fuel­air interface in partially filled fuel tanks tend to be extremely sensitive to the
hydrodynamics of the ship and can potentially disrupt the stability during motion
(Saripelli & Sen, 2018).
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The problem of sloshing in fuel tanks is clearly a phenomenon where multiple fluids
are involved; and multiple phases of each fluid is being affected. Thus, it becomes
extremely important to consider these variations in properties when studying sloshing. To
this end, sloshing is also observed in other daily phenomenon and has been the source of
great interest to scientists and practicing engineers alike (Ibrahim, 2005). A more recent
example of active research in this area is effort undertaken by NASA to experimentally
determine the slosh­dynamics of fuels under microgravity conditions.
1.1.2. The Problem of Atomization
One way mankind has found to harness energy for engineering applications is by way
of combusting certain fluids under certain ambient conditions. The main idea here is to
realize that formation of certain chemicals generally takes tremendous amounts of energy
and all of this energy is stored in the chemical bonds which constitute these chemicals. If
there was, thus a way to break these chemical bonds, then one will have access to
tremendous amounts of energy at their disposal. Further, if these ‘unstable broken
complexes’ were to come to their most stable state, they will release even more energy
due to the principle of minimization of potential energy. This is the idea behind the entire
science of combustion.
One of the challenges of chemists and engineers alike is to be able to efficiently create
the conditions needed to effectively breakdown the fuel and channel the energy out of
them. It was observed later on that the necessary and sufficient conditions for combustion
to occur were high temperatures, presence of an electronegative element (oxidizer), and
continuous supply of the fuel. Further, it was also seen that it is better to introduce this
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continuous supply of fuel in short bursts to ensure that none of the fuel is wasted; and that
all of the fuel is converted into more stable compounds. Here is where the concept of
atomization comes into play.
When there is a sudden density difference in a flow field in space (which may be
caused because of the interface between two fluids), then there exists a wide variety of
flow phenomenon taking place. These phenomena are extremely unsteady in nature and
push the system from a less turbulent (more ordered) state to a more turbulent (more
chaotic) state. At times, the effects of turbulence are seen in the form of hydrodynamic
instabilities (White, 2003). After a time, these instabilities lead to break­up of the liquid
jets into sheets (Primary Breakup), and eventually into smaller and smaller droplets
(Secondary Breakup) (Lefebvre & McDonnel, 2017).
One of the primary effects of viscosity is that it inhibits relative motion between two
fluid layers. That being said, if one were to somehow induce a very high degree of relative
motion between two fluids, then the only thing at the interface that inhibits the formation
of instabilities is the viscosity between the two fluids. However, once a certain point
(which is defined based on dimensionless parameters) is reached, then the onset of
turbulence cannot be stopped. At this stage, the only thing holding the fluid interface
together is the surface tension of the fluid layer itself. As the level of turbulence increases
(which is a direct result of the second law of thermodynamics), the fluid interface breaks
apart to form droplets following a series of complicated steps.
Clearly, if there was a way to accelerate the onset of turbulence in the jet, then the
atomization process not only becomes faster; but also more effective. This is done very
nicely with the help of an instrument called the atomizer. Other engineering ways to
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induce turbulence is to swirl the jet prior to its escape into a zone where the surface
tension is the only force inhibiting breakup.
Figure 1.1 Phenomenon of Jet Breakup and Droplet Formation (Lefebvre & McDonnel,
2017).
As can be seen from Figure 1.1, there are a lot of physical laws and principles invoked
when dealing with atomization of fuels. While the mechanism of droplet breakup is
predominantly a viscous phenomenon, the dynamics of droplets and their interaction after
breakup is predominantly a multiphase flow phenomenon. Also, it is important to notice
that without the presence of a second fluid (Hydrodynamic Instabilities), there wouldn’t
be any concept of breakup and droplet dispersion. Hence, this is clearly a multiphase,
multicomponent flow problem. Once efficient atomization has been achieved, then the
next problem faced by engineers is their effective combustion; which has been seen to
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happen when high pressure and temperature have been reached. This is mitigated by
extreme compression of these droplets and their controlled ignition.
1.2. An Interim Summary
The above two examples clearly outline the deeply ingrained nature of multiphase flow
in most engineering applications. It is thus of extreme importance to be able to formulate
a mathematically sound model that describes exactly the physics at play. It can also be
seen that the study of Multiphase flows is, fundamentally, a study of multiple physics
phenomenon occurring simultaneously. Thus, a small step towards the development of a
mathematically sound model that describes these phenomenon would be to study these
phenomenon individually.
This has been illustrated in various works throughout the available literature (Lefebvre
& McDonnel, 2017; Crowe et al., 2012; Brennen, 2005). A lot of literature also deals with
special topics in Multiphase flows such as Bubbling and Cavitation (Brennen, 1995),
droplet shapes and their Aerodynamic Characteristics (Balachandar & Bagchi, 2002), jet
breakup instabilities (Lefebvre & McDonnel, 2017) and the effects of external factors
such as turbulence (Balachandar & Bagchi, 2003; Balachandar & Eaton, 2010).
In addition to other engineering applications, flows with multiple phases and multiple
components are also observed within the human body. One of the primary “bulk­fluids”
present in the human body is blood. While macroscopically, the flow of blood inside the
veins can be considered as single phase flow, a microscopic analysis would reveal that
there are a lot of multiphase flow features occuring in certain regions of the flow. As an
example, flow of blood through lungs in order to exchange gases is essentially a
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multiphase flow phenomenon. The gaseous phase (O2, CO2, etc.) essentially disperses
into the continous phase (blood).
While the study of this is important from a medical perspective, it is interesting to note
that this mixing can also lead to wide variety of “turbulence phenomenon” which is of
great interest from a mechanical (fluid dynamic) perspective.
1.3. Motivation for this Work
In addition to most of the multiphase flow phenomenon illustrated previously, it is also
worth to notice that the study can potentially lead to better ventilation designs in buildings
and areas of popular congregation. One of the prime reasons for interest in designing
better ventilation systems is disease containment. Research is carried out in understanding
of airborne spread of diseases and the role of ventilation in the same (Y. Li, Huang, Yu, S,
& Qian, 2004; Y. Li et al., 2007). This is of particular interest in locations where disease
containment is necessary; like hospitals among other places.
The current COVID­19 pandemic has had unexpected effects on global economy
(Evenett, 2020; Fairlie, 2020) and has tipped the trade scales in unexpected directions. It
has had devastating effects on the prices of basic necessities for human livelihood and has
pushed medical supplies manufactures to their limits. It is thus, of extreme importance, for
engineers, researchers and policy­makers alike, to develop ways to curb the pandemic and
open­up towards a post­pandemic economy. Ways to curb the spread demands an
understanding of the spread of COVID­19 virus in the first place. Numerous efforts (Y. Li
et al., 2021; Morawska & Milton, 2020) towards understanding the spread of COVID­19
has shown that the virus has the potential to spread through aerosols and droplets
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dispersed in the ambient air. An accurate understanding of the flow dynamics of such
aerosols would thus be of importance in slowing the spread.
Figure 1.2 Number of Small Business Owners in USA. Notice the dip in 2019 due to
COVID­19 (Fairlie, 2020).
Motivated by this premise, this work aims to provide a comprehensive review of the
current state of the art in the spread of expiratory droplets under different flow conditions
observed in daily life. Attempts are made to effectively simulate the spread of expiratory
droplets (assumed Newtonian in conjunction with Dbouk and Drikakis (2020a)) under
different conditions of ambient background flow. A comparison is made between two
different Reynolds Averaged Turbulence Models commonly used in modelling of sprays.
Finally, background flow features are added to determine the spread of droplets.
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1.4. Structure of this Document
After a brief introduction and motivation in the current chapter, the next logical
progress towards the end simulation is a review of the existing literature. This is done in
Chapter 2. Details of the computational model and its implementation on the CFD
Modelling software used is discussed in Chapter 3; which also briefs about the structure
and flow of control of the code. Results and discussion form the heart of Chapter 4 in this
document followed by conclusions stated in Chapter 5. As and when appropriate,




Infectivity of the SARS­nCOV­2 has been a subject of extreme interest in the previous
few years. While initially there were disagreements, the rise in cases of asymptomatic
transmission (R. Li et al., 2020) let researchers and epidemiologists to believe that
COVID­19 virus could be transmitted via air. Experiments carried out (R. Li et al., 2020)
and summarized in various later works (Asadi, Bouvier, Wexler, & Ristenpart, 2020;
Mittal, Ni, & Seo, 2020; Morawska & Milton, 2020; vanDoremalen et al., 2020) show that
the pathogen has a reasonably high half­life and can remain viable for a long time in
standard environment.
Thus, the spread of COVID­19 can happen through one or more of three different
modes. The first mode of transmission would be through large expiratory droplets that
have settled unto different surfaces; and transmitted to the human respiratory tract through
surface contact. The second mode would be direct deposition of respiratory droplets onto
recipients in close proximity through inhalation of ambient respiratory droplets. The third
and final mode of airborne transmission is through the deposition of dry aerosols that still
contain viable virus and have been flowing due to their small size (aerosols). Typically, it
is the third mode of transmission that led to the increase in asymptomatic cases throughout
the world (Mittal et al., 2020; Asadi et al., 2020). Aerosolization and understanding of
droplet spread plays a crucial role in stopping the spread.
Efforts to understand the spread of airborne diseases have been made as early as the
earlier half of the twentieth century. One of the earliest contributions in developing a
theoretical model to determine the spread of infections include those by the American
scientist and sanitation engineer William F Wells (Obituary, 1963) in 1934. Based on
13
analytical observations of raindrops and application of the basic Laws of motion to
droplets of comparable diameters, the famed Wells­Evaporation Falling curve was drawn
(Wells, 1934). It was observed that infectious agents typically spread through droplets
ejected due to respiratory activities such as talking, coughing, sneezing and breathing. As
per common terminology used, respiratory events such as coughing and sneezing (which
are essentially impulse reactions) are termed as violent respiratory events.
The evaporation falling curve (Wells, 1934) provided an analytical method to predict
the behavior of individual droplets as it ejects the body and is exposed into the
atmosphere. It was seen that the behavior of the droplet exposed to the atmosphere is a
superposition of responses to multiple forces acting on it. Predominantly, the forces of
gravity and buoyancy are the ones that a droplet generated due to a respiratory event
experiences (Wells, 1934). However, later studies brought into light that since a violent
respiratory event is essentially a “multiphase, non­isothermal jet” (Xie, Li, Chwang, Ho,
& Seto, 2007), the droplets are subject to other aerodynamic forces as well.
It must be noted that the curve however had been drawn considering that the droplet
diameter does not change as it travels through the atmosphere. It essentially provided
information on the tendency of a droplet to either float (dominance of buoyancy) and
evaporate due to heat transfer, or sink (dominance of gravity) to the ground, subject to
certain critical droplet criteria. While the author acknowledged that respiratory droplets
did have a tendency to evaporate, calculation of the rate of decrease of droplet diameter
was done assuming the classical D2− law, according to which the rate of reduction of
droplet diameter due to evaporation was proportional to the square of the diameter at that
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instant in time. Although information on the behavior of individual droplets was obtained,
a lot of questions were unanswered.
Wells (1934) noted that the ambient conditions (humidity and temperature) had an
effect on the mass transfer rate of the droplet and that further research had to be done to
determine their specificity. Some other unanswered questions included statistical
problems such as the initial droplet diameter distribution, and the initial droplet velocity
among others. That being said, the study conducted by Wells (1934) acted as a solid
starting point for several researchers in the years to come. A useful analytical framework
had been set and efforts were made to build upon it. Further studies conducted
(experimental, analytical, and computational) aimed to provide more information about
different aspects of the flow field and behavior of droplets’ spread.
2.1. Earliest Studies: The Evaporation Falling Curve
Due to the fundamental nature of the evaporation falling curve, further discussion is
necessary. First drawn by Wells (1934), it aimed to provide researchers a working idea of
the time taken for respiratory droplets (considered to be H2O for simplicity) to fall the
average height of a human being. It also aimed to provide analytical information on the
range of respiratory droplets when ejected from the mouth. The curves drawn showed that
for a droplet of size of approximately 100µm or more, the tendency to fall dominated the
tendency to float enabling the use of Newton’s Laws in conjunction with the Stoke’s Law
of viscosity to determine the terminal velocity and eventually the falling time.
The originally drawn Evaporation falling curve is illustrated in Figure 2.1. The region
with horizontal shading in the lower­right corner of the image illustrates the falling time;
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while the region with vertical hatches (shading) which forms a bulk of the image
illustrates the evaporation time. As per the curve, if a droplet of diameter 50µm has been
ejected by the human, it would take approximately one second to evaporate and form
droplet nuclei. On the other hand, if the diameter had been about 110µm, then it would
take approximately 3 seconds to fall to the ground situated 2 meters below the ejection
point. Simultaneously, it would be evaporating and reducing its diameter. Thus, what
actually reaches the ground is the droplet nuclei as opposed to the original droplet. The
abscissa of Figure 2.1 on the top illustrates the starting diameter of the droplet while the
ordinate illustrates the time in transit by the droplet. The contour traced by the end points
of the lines originating from the abscissa indicates the actual time taken for completely
evaporating into droplet nuclei or settling on the ground. It is almost immediately seen
that this curve has been drawn for a very specific case of unsaturated air and a droplet of a
predetermined velocity.
Based on Figure 2.1, one can deduce that most small droplets with diameter below the
critical diameter tend to evaporate completely and form droplet nuclei before they even
traverse a distance of 2m. Clearly, the chances of infection due to inhalation of droplets
would drastically reduce if subjects issuing the droplets was more than 2m apart from
potential receivers. Today this translates to the common social distancing policy of 2m
and other guidelines put in place by various governments to curb the spread of COVID­19
(CDC, 2020).
While this evaporation falling curve addressed a lot of questions about the behavior of
droplets, it also raised a lot of parallel unanswered questions. As mentioned earlier, it did
not consider environmental factors such as humidity and ambient temperature. Further, it
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also did not consider that respiratory droplets are generally ejected as an air­saliva mixture
as opposed to a jet of just saliva. To make good use of the evaporation falling curve, more
information was absolutely necessary.
Figure 2.1 The originally drawn Evaporation­falling curve (Wells, 1934). The region
with horizontal shading in the lower­right corner of the image illustrates the falling time;
while the region with vertical hatches which forms a bulk of the image illustrates the
evaporation time.
Investigations were carried out to understand the source of the droplets and correlate
them with their size (Duguid, 1945). This study summarized the experimental techniques
of collecting droplets and measuring their sizes and therefore extrapolating the initial
droplet number. It also tried to correlate the site of origin of the droplet formation with the
size. Eventually, it was concluded that the violence of the respiratory activity had a great
impact on the aerosolization of the pathogen and thus its infectivity. This gave rise to a
new study that looked to determine the size distribution of droplets under different
respiratory events and study their pathogen loads (Duguid, 1946). The study showed that
17
the most violent respiratory event was a sneeze and a cough with mouth open (Duguid,
1946). These activities released the most amount of droplets and a large fraction of them
were below the criticial diameter speculated by Wells (1934). These activities had the
most potential to spread an infection across long distances.
However the study also noted that non­violent respiratory activites such as breathing
and talking happened much more frequently than a violent activity and that made the
number of droplets expelled due to non­violent activities increase. While this observation
was counter­intuitive, studies carried out in later years showed that the pathogen load was
much higher in a violent respiratory event as opposed to a non­violent respiratory event
(Xie et al., 2007).
An in­depth understanding of the flow physics of a violent respiratory event
encompasses a multitude of intersecting domains. Many later investigations provided a
more refined understanding of different parameters needed to fully understand the flow
field. Broadly, these investigations can be classified into either Experimental and
Analytical (with both going hand­in­hand) or Computational and Analytical (with both
going hand­in­hand). While the focus on size distribution and diameter did not change,
later analyses revealed that these are not just functions of the respiratory activity alone.
Rather, these are also influenced by geometric features like the mouth opening area, the
height of the host, and physiological features like the gender of the host (Gupta, Lin, &
Chen, 2009). The following sections of this chapter aim to organize and present these
studies in a comprehensive manner. For the sake of clarity, the material is grouped as per




With the emergence on novel diseases transmitting through air (SARS­Cov­1,
SARS­CoV­2, and H1N1), there has been increased efforts to understand the formation of
the aerosols that aid in transmission of such diseases. Picking up from where Duguid
(1946) left off, a lot of experimental studies have enabled an increased understanding of
the physics defining the formation and spread of aerosols. A good summary of the earlier
studies was compiled and published as a book (Wells, 1955) outlining the aerodynamic
forces characterizing the formation and spread of droplets.
As mentioned earlier, due to the multi­modal nature of airborne spread of infections,
the relative importance of each mode depends on the nature of the expired droplets and the
ambient environmental variables. Experimental efforts to study the inter­dependence
between the two thus focused on one of two categories. The first set of studies tried to
determine the behavior of droplets in the near­field of the host while the second category
aimed at determining the behavior of droplets in the far­field; where the influence of
environmental variables is relatively stronger.
2.2.1. Near Field Investigations
The human body is typically separated from the external environment by a thin region
of air, clothing and other covering gear. This zone is typically a site of extreme activity
and generally influences the behavior of the immediate environment surrounding it. Due
to the extremely active nature, this zone is typically termed the human micro­environment
(Lewis, Foster, Mullan, Cox, & Clark, 1969) and has been the focus of research over the
past one decade. The human micro­environment and the region just outside it has been
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commonly termed the near field zone and has been investigated multiple times. Focus is
typically placed on one of two classes of data variables; the global variables and the local
variables.
The global variables comprise of the properties of the carrier phase (typically air) like
jet velocity distribution, temperature distribution, pressure distribution, jet trajectory,
entrainment coefficients and expansion rate; and their response to geometrical properties
like mouth opening area (Gupta et al., 2009), human physiological features like gender
and age (Gupta, Lin, & Chen, 2010), and different respiratory activities like coughing and
talking (Gupta et al., 2010; Kwon et al., 2012).
Figure 2.2 An illustration of the Entrainment Coefficient (α) in an isothermal cloud. The
entrainment velocity and cloud radius are linear functions of the cloud velocity and
distance from source (Bourouiba et al., 2014).
The second class of variables; the local variables are what researchers using CFD term
as Lagrangian data sets. These variables include the properties of the droplet itself; such
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as its initial diameter (Duguid, 1946), the evaporation time, droplet velocity, and its
chemical compositions.
Even properties of datasets identified using clusters of droplets (like clouds and puffs)
such as diameter distribution, the mass fraction of different species, droplet velocity
distribution (different from the global velocity distribution), cloud entrainment
coefficients, hydrodynamic instabilities and their effects on atomization and eventual
droplet breakup (formation of clusters) and the droplet and cloud trajectories are studied in
investigation involving local datasets. Here it must be noted that due to the sensitive
dependence of the experiments on the data collection methods, there is a lot of variation
between different studies investigating the same variable. Typical measurement techniques
for measuring global variables included PIV, Schileren and High­speed photography
(Merghani, Sagot, Gehin, Da, & Motzkus, 2021). Due to their non­intrusive nature, these
techniques also provided valuable information about the local variables (however with
slightly reduced accuracy). Intrusive techniques for local variable measurement included
Aerodynamic Particle Sizing, Droplet Deposition Analysis and Optical Particle Counting.
2.2.1.1. Global Variable Measurements
Key global parameters of interest for a respiratory activity are typically the velocity
distribution and the temperature distribution. The reason temperature field is important is
because of the non­isothermal nature of the respiratory activity (Xie et al., 2007;
Bourouiba et al., 2014). Activities typically eject droplets entrained in jets (in case of
violent respiratory events) and puffs (in case of non­violent respiratory events) whose
temperature is generally different from the ambient temperature of the environment. This
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leads to non­isothermal phenomenon such as curving of the jets and puffs thus making
them an important parameter to study.
Gupta et al.(2009) conducted studies to characterize the fluid properties of the gas
phase in case of a cough jet using a spirometer to measure the Lagrangian properties and
high speed photography as the measurement technique for Eulerian properties. With the
aim of implementing an outlet boundary condition for CFD simulation of a cough, it was
shown that the total duration of a respiratory event as a cough was about 200 milliseconds.
This is consistent with the high­speed imaging studies conducted by Bourouiba et
al.(2014) in order to determine the puff entrainment coefficients and other global variables.
Gupta et al.(2010) also conducted studies on the spread angle and the flow direction of
the coughs. This was found to be dependent on the mouth opening area (which in turn
depended on the gender of the subject). On an average, the spread angle was found to be
20o ± 5o which is slightly different from the value reported by others such as Bourouiba et
al.(2014) who observed the spread angle as 27o and (Tang, Liebner, Craven, & Settles,
2009) as 23.4o. This could be attributed to the fact that even though both the studies used
High­Speed Imaging techniques, the method used by Bourouiba et al. (2014) at about
2000 frames per second than the system used by Gupta et al. (2009, 2010) at about 500 to
600 frames per second. While both the configurations used were sufficient to visualize the
broad dynamics at play, the former was able to capture even smaller droplet sizes which
could have altered the spread angle.
Based on findings from their high speed imagery, Bourouiba et al. (2014) proposed
that the physics of a cough could be divided into two distinct stages; namely a jet phase
and a puff phase. While in the jet phase, the fluid dynamics are momentum driven, the
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puff phase is driven by buoyancy. Due to hydrodynamic instabilities, the momentum
driven jet phase transitions into a puff as shown in Figure 2.3. Thus, two different
entrainment coefficients could be reported for the same respiratory activity. Typically, this
value is between 0.132 and 0.24 for a cough. It was also noted using cigarette smoke as
tracer particles that the initial jet for a cough was directed downwards at an angle of
24o ± 7o with the horizontal. This value is also consistent with the value reported by Tang
et al. (2009) during their Scheileren imagery. Use of cigarette smoke is acceptable in this
case because the typical diameter of the particles is approximately 0.5µm, which is much
smaller than the typical diameter distribution of the droplets generated due to a cough.
Figure 2.3 High Speed Imagery of a Cough (Bourouiba et al., 2014)
The study was further made repeatable with the design and fabrication of “cough
boxes” (S. Liu & Novoselac, 2014) which could release a plume similar to that of a cough.
Since it was shown that the chemical composition of the ejected droplets change the
evaporation time by a very minute amount (Bourouiba et al., 2014) from that of water, the
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cough boxes typically ejected water itself as the working fluid. The fabrication of cough
boxes also enabled researchers to carry out studies using techniques such as Laser PIV
that may be potentially harmful to human subjects if exposed unconditionally.
Since a cough (or a sneeze) can potentially lead to aerosolization of droplets, another
important global variable is the propagation distance. This is also known as Liquid
Penetration Distance in some spray analyses pertaining to fuels and the like. Currently,
there is a lot of disagreements between the accepted values of the propagation distance
between different studies. Tang et al. (2009) reports a distance of 60 cm from the mouth in
a study using Schlieren while Bourouiba et al. (2014) reports this to be approximately 1
m. Further numerical studies conducted (Dbouk & Drikakis, 2020a, 2020b) report a much
smaller value of about 45 cm. This is almost expected, because the definition of
propagation distance is still unclear and too flexible (Dbouk & Drikakis, 2020a) and it
depends on the researcher conducting the study. Merghani et al. (2021) define it as the
distance penetrated by the geometric center of the cloud at a given time instant; while
Dbouk and Drikakis (2020a) and Bourouiba et al. (2014) define it as the distance
penetrated by 95% of the droplets in liquid phase.
While this may not be a problem for clouds with minimal evaporation, this does
increase the level of disagreements in cases such as the current scenario ,where the
droplets inside a cloud tend to evaporate with increased activity. In recent times,
efficiency studies of personal protective equipment such as face masks and face shields
have provided information on the cloud dynamics of a cough jet when obstructed by a
porous interface. Experiments using mannequins and smoke generators showed that a
normal cough jet without obstruction generally has the potential to penetrate upto 12 ft
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away from the source (Verma, Dhanak, & Frankenfield, 2020) as shown in Figure 2.4.
However, with the obstruction of a porous mask constructed using cotton threads woven
to a density of 55 threads per inch, the penetration length can be reduced to about 2 inches
away from the source (Verma et al., 2020).
One of the ways an obstruction reduces the liquid penetration length is by reducing the
velocity of the ejected jet. Thus, in order to design better PPE, an understanding of the
velocity field of the jet and puff phases of the cough is necessary. Schlieren photography
conducted by Tang et al. (2009) determine that the propagation velocity of the cloud is
typically between 2.2ms−1 and 5.0ms−1 for females while it varies between 3.2ms−1
and 14.0ms−1 for males. This wide variation in the cloud velocity reported is in sync with
high speed imagery data provided by Bourouiba et al. (2014) who report the initial
ejection Reynolds number as 10,000 for a cough.
PIV studies conducted reveal that the average initial velocity for a cough is about
15.3ms−1 for males while slightly lower for females. However, this is different from the
initial ejection velocity of 8.8ms−1 reported in experiments conducted on the
investigation of droplet breakup and formation (Scharfman, Techet, Bush, & Bourouiba,
2016). PIV studies on a human cough conducted showed that once the jet is ejected from
the mouth, the maximum entrainment velocity is seen at 68 mm away from the mouth
(VanSciver, Miller, & Hertzberg, 2011). This is consistent with the predictions of the
model developed by Bourouiba et al. (2014) for resolving the circulation of a momentum
driven buoyant cloud. It must be noted here that the velocity distribution discussed
presently is for the cloud alone. Velocity of the droplets is generally different.
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Figure 2.4 Time series visualization of a simplified unobstructed cough from a
mannequin (Verma et al., 2020).
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Another parameter of interest for physicists studying the dynamics of coughs and
sneezes is the trajectory of droplets. As mentioned earlier, the respiratory activity emits
droplets suspended in a non­isothermal jet which entrains air from the atmosphere thereby
forming a puff. The trajectory of droplets is thus strongly dependent on the trajectory of
the center­line of the non­isothermal jet. Previosuly (Xie et al., 2007), the trajectory
equation of the jet center­line had been adopted from the circular turbulent jet equations
(Rajaratnam, 1976) and was expressed as a function of the Archimedes Number (Ar0)
which in turn was a function of the temperature, initial center­line velocity, the mouth
opening area and gravity as illustrated in Equation 2.1 where U0 is the initial velocity of












The Archimedes number, Ar0 was defined in terms of the difference between initial
temperature and the ambient temperature; and the jet initial velocity with β being the







While this acted as a useful base for comparison, later studies showed that the equation
of trajectory is not exactly as predicted by Equation 2.1. Rather, it transforms into a
modified version of Equation 2.1 after dipping downwards linearly for a short transient
period (Merghani et al., 2021; Bourouiba et al., 2014). This could be due to the reasons
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mentioned previously regarding the values of spread angle and flow direction of a cough
and a sneeze. The upward curvature and the gradual growth of the width indicates the
transition from a momentum driven flow to a buoyancy driven flow; illustrating the fallout
of larger and heavier droplets from the cloud. This is consistent with the trajectory
mapping done by numerical simulations (Dbouk & Drikakis, 2020a) and other previous
experimental results. Based on the experimental data, the model proposed by Bourouiba
et al. predicted the equation of the cloud trajectory as an implicit function of the following
factors:
• Distance from the host (s)
• Angle of initial curvature (θo)
• Initial Cloud Volume (Vo)
• Density of expired fluid (ρf )
• Density of ambient fluid (ρa)
• Entrainment Coefficient (α)
• The shape factor deviation from spherical shape (η)
• The total number of species (N)




















which can then be solved for the pair of (s, θ) with proper initial guesses. The model also
predicted the fallout droplet diameter and the fallout distance based on dominance of
gravity versus buoyancy using Stoke’s Law and the position predicted by Equation 2.3.
Other quantitative global properties of interest include the time dependency of the
initial airflow in a cough and the volume expired. Studies show that the Cough Peak Flow
Rate (CPFR) happened very early on during the jet phase and depended on the
physiological factors of the host (Gupta et al., 2009). The non­dimensional flow rate is





It was also noted that the peak flow rate of the cough happened almost uniformly for most
of the subjects within the first 80 milliseconds of ejection (Gupta et al., 2009). Due to the
slow nature of the change in area of the mouth, it was deemed that the peak flow rate
corresponded with the peak velocity of ejection mentioned earlier (Tang et al., 2009).
Non­dimensionalization of the time of ejection with the Peak Velocity Time (PVT)





Such non­dimensionalization using Equations 2.4 and 2.5 ensured that the peak flow
rate corresponded with τ = 1 (see Figure 2.5(b)) thereby relaxing the process of curve
fitting with a suitable Probability Density Function (PDF). Regression analysis carried out
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(a) Flow Rate profile of a Cough (b) Non­Dimensionalized Flow Rate
Figure 2.5 Dimensional versus non­dimensional flow rate profiles (Gupta et al., 2009).
Each line in Figure 2.5(b) represents the non­dimensionalized flow rate profile produced
by a separate volunteer coughing in the study.
showed that the non­dimensionalized flow rate profile versus time can be expressed as a
combination of Gamma distribution functions and empirical constants (Gupta et al., 2010).
2.2.1.2. Lagrangian Variable Measurement
In addition to obtaining information on the Global flow­field variables such as velocity
distribution and the penetration length among others, a lot of studies also focused on the
properties of the droplets themselves. Key properties of interest included properties
defining each droplet; such as its diameter, its velocity, its evaporation time, shape and
trajectory; as well as properties defining a collection of droplets such as the diameter
distribution, velocity distribution, response to turbulence and the overall shape of the
suspended droplet cloud. Due to the transient nature of the jet (Bourouiba et al., 2014), it
was deduced that the distribution of droplets within the clouds can change. Two key
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properties to quantify the diameter distribution of particles suspended in a cloud are the
mass distribution and the number distribution (Crowe et al., 2012). Simply put, the
number distribution indicates the cumulative number of droplets less than a certain given
diameter inside the cloud; while the mass distribution indicates the cumulative mass of
droplets less than a certain given diameter inside the cloud. Typically, most droplets are
clustered in a certain location within the cloud. Based on the number and mass
distributions, if there is only a single mode for the distribution, it is termed as a
monodisperse cloud; the opposite of which is a polydisperse cloud.
Studies conducted by Xie, Li, Sun, and Liu (2009) have shown that the number
distribution of droplets due to a cough is monodisperse in nature at the mouth. The mean
diameter of the particles was about 80µm and the droplet sizes ranged from as low as
1µm to as high as 300µm. However, it must be noted that the tracking and resolution of
these studies is extremely sensitive to the experimental technique and measurement
systems used. Due to their inherently non­spherical shape, the definition of a diameter
distribution has been very ambiguous (Merghani et al., 2021). Intrusive measurement
techniques such as Droplet Deposition Analysis and Solid Impaction usually tend to
sample a small region of the flow field and extrapolate to the entire flow field. Conversely,
non­intrusive measurement techniques tend to sample the entire volume and interpolate
into the region of interest. Based on this, the “diameter” measured by different studies can
be different. The term “equivalent diameter”, thus coined, indicated the property to be
conserved while calculating (or measuring) the diameter of such non­spherical particles.
Other studies using Aerodynamic Particle sizers measured the concentration of the
droplets at different locations in the volume and reported that the size distribution of the
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evaporated nuclei is between 0.5µm − 20µm (S. Liu & Novoselac, 2014; Yang, Lee,
Chen, Wu, & Yu, 2007). Yet other non­intrusive studies done using Interferometric Mie
Imaging show that at a distance of 10 mm from the mouth, the geometric mean diameter
of the droplets generated due to a cough is approximately 13.5µm (Chao et al., 2009).
Clearly, there is a lot of disagreement in the scientific community about the droplet
diameter distribution based on number and mass of droplets expelled during a respiratory
activity.
Figure 2.6 Mechanism of formation of bags of Muco­salivary Fluid (Scharfman et al.,
2016). The white regions highlighted in the image show the movement of the membranes.
High Speed Imaging techniques have provided valuable information on the mechanism
of droplet and sheet break up in case of a sneeze and a cough. A time series provided by
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Scharfman et al. (2016) show that the typical ejecta Reynolds number for a cough is of the
order of 104. There is initially a thin muco­salivary lining formed near the lips which is
then ruptured by a violent burst of air from the upper respiratory tract. The rupture is
shown to lead to the formation of distinct muco­salivary bags which then break up further
due to vibrations and instabilities with the ambient atmosphere. This type of breakup into
sheets and then into droplets due to differences in Webber Number and Ohnesorge number
is accurately modelled using the Pilch­Erdman Breakup model in CFD (Pilch & Erdman,
1987).
At this juncture, most influential experimental studies which contributed significantly
to the understanding of the flow physics have been outlined. Based on this information
and with the advent of technology, a lot of researchers attempted to simulate the process of
coughing so as to better understand the near field dynamics without the need to have
expensive equipment. With the ongoing COVID­19 pandemic, this has become all the
more important citing hygienic reasons. Thus, key numerical investigations for simulation
of coughs are identified and summarized in the next section.
2.3. Computational Investigations
Modelling of expelled respiratory droplets is not new. Earliest known studies (Xie et
al., 2007) modelled a cough as a non­isothermal jet with droplets suspended in it.
Essentially, the numerical investigation was composed of two parts; solution of an
Eulerian flow­field (for the jet) and solution of a Lagrangian Flow Field (for the droplets).
The “bridge” between the Lagrangian problem setup and Eulerian problem setup was
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closed by appropriate boundary conditions. In case of a cough, these boundary conditions
translated to the following:
• At the mouth, the velocity of droplets is same as the velocity of the jet (Chao et al.,
2009).
• At the mouth, the droplet diameter distribution can be expressed as a Rosin
Rammler Distribution function (Xie et al., 2009).
• At the far field, the droplets suspended in the ambient air follow the current of the
ambient air.
• The mass reduction rate of the Lagrangian droplets equals the mass increase of the
Eulerian Flow field.
For the Eulerian part of the solution, Xie et al. (2007) solved the analytical trajectory
equation for a non­isothermal jet using numerical methods. The study estimated the time
taken for a droplet to fall out of the central jet as a function of the droplet diameter,
ambient temperature and the relative humidity. In a summary, the study revisited and
expanded upon the Wells­Evaporation Falling curve detailed in Section 2.1. of this
document. This study was further made realistic by Bourouiba et al. (2014) who proposed
a two equation model to predict the discrete and continuous fallout of droplets above a
certain cut­off diameter and to solve for the resulting cloud dynamics. The application of
their model to clinical studies yielded acceptable results and was thus used as a benchmark
for many later numerical simulation attempts.
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However, it must be noted that both the above investigations did not consider the
modelling of turbulence and its effect on the cloud dynamics. A step towards modelling
the effects of turbulence on the spray as a whole would be to isolate the jet and the
particles and model a turbulent jet. The next logical step would be to superimpose the
spray droplets and observe the effects of the turbulent eddies.
Kannan (2015) studied the modelling of an axisymmetric jet using OpenFOAM
software and found that for a typical jet ejected at low velocities, the k − ϵ turbulence
model tends to under­predict the radial profile, while over­predicting the axial velocity
profile by a small amount. It was also shown that in the near­field, the k − ϵ model
predicted the entrainment of the ambient fluid into the jet (Bourouiba et al., 2014) better
than the standard k − ω turbulence formulation. The over­prediction of the axial profile
was suspected to be due to the dissipative nature of the second­order numerical scheme.
However, it has not been confirmed to be so definitively.
In more recent times, later studies particularly for a violent respiratory activity such as
a cough or a sneeze mostly used the k − ω turbulence model (Dbouk & Drikakis, 2020a,
2020b) or used the Large Eddy Simulation (LES) model (Pendar & Páscoa, 2020). On a
comparison, the LES model tends to resolve the largest eddies in the flow and hence has a
overall better resolution than the k − ω two­equation model. However, it is also
computationally more expensive due to reduced grid size and increased number of
equations to solve.
Studies conducted for reacting sprays in high temperatures show that during the initial
transient period of spray­jet injection, the concentration of droplets is high enough to
influence the flow­field and in­turn influence their own behavior (Irannejad & Jaberi,
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2014; Balachandar & Eaton, 2010). In such scenarios, it is important to resolve the largest
scales of turbulence in the flow­field and thus the use of LES models is justified. As per
Bourouiba et al. (2014), high speed photography techniques in the near field show that the
droplet behavior is monotonically influenced by the flow­field. This could mean that the
droplet time and length scales is generally smaller than that needed to computationally
model the system using LES formulation. In case of a cough, modelling using RANS
turbulence models is computationally cheaper while providing almost equal information
about the flow­field. A comparative study between LES and URANS (Unsteady RANS)
modelling formulations for an isolated cough jet (comprised of 100 % air) showed that the
jet contours started to significantly differ from one another only after about 2 seconds of
flow time (Bi, 2018).
A Detached Eddy Simulation (DES) model of turbulence was used to study the
transport characteristics of salivary droplets under different “ psychological stress”
conditions (Fontes, Reeyes, Ahmed, & Kinzel, 2020). This was based on the observation
that the viscosity of muco­salivary droplets can change based on the mental and emotional
stresses endured by the host. The results however showed that the peak velocity
magnitude can reach upto 40.0ms−1, which is in direct contrast with the studies
previously discussed.
Another important parameter in the Eulerian flow­field is the initial velocity and
temperature of the jet. As indicated in experimental studies, for a cough, the maximum
initial velocity of the cloud is approximately 8.8ms−1 (Xie et al., 2009) and the typical
“drift speed” of the droplets entrained or falling out is approximately 0.5ms−1
(Bourouiba et al., 2014). Since the droplets are ejected from a body with temperature of
36
37oC, it is expected that the non­isothermal jet also conform to this temperature. Once the
Eulerian velocity, temperature and turbulence fields have been fixed, the Lagrangian
properties may be evaluated.
One of the key properties provided as input to any Lagrangian numerical scheme is the
initial droplet diameter distribution. Most approaches investigating the spread of
respiratory droplets have typically based this input on the volume of fluid ejected, the
number of droplets ejected and the mass flow rate (Gupta et al., 2010; Xie et al., 2009). As
indicated in Section 2.2.1.2., there is no uniform agreement on the diameter distribution
of the droplets. Hence, the choice of initial diameter distribution is very subjective and
strongly dependent on the experiments referred to by the study. Dbouk and Drikakis
(2020a, 2020b) used an initial droplet diameter based on the Rosin­Ramler fit as given in
Xie et al. (2009). With a mean diameter of about 80µm, this translates to a modified form















Here, n is called the spread parameter and determines the width of the distribution and
dp is known as the size parameter and determines the maximum frequency of the
distribution. It can thereby be deduced that dp is also the mean diameter of the distribution
and the spread parameter is the maximum and minimum diameters. Accordingly, the
spread parameter was set to 8 following the OpenFOAM standard distribution functions
and the size parameter was set to 80µm following the various experimental studies based
on which the computation was modelled. The Rosin­Ramler diameter distribution was
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also used in other studies such as Pendar and Páscoa (2020) who used the exact same
distribution as Equation 2.6 but for a wider variety of mean diameters ranging from
90.0µm to 540.0µm for different cases of coughs and sneezes in the near­field and far
field.
Other investigations based their droplet diameter distribution on the fact that most
spray studies have tried a log­normal fit of their data and thus, a Probability Density
Function derived from the Log­Normal Distribution would be more appropriate
(Balachandar, Zaleski, Soldati, Ahmadi, & Bourouiba, 2020). However given the
Non­Newtonian nature of salivary droplets and its influence on the droplet generation
process, it was extremely unlikely that the Log­Normal Distribution could capture the
breakup physics accurately. It was found that as the grid size increased, the geometric
standard deviation for the log­normal distribution also increased (Ling, Zaleski, &
Scardovelli, 2015). Thus, a different distribution had to be used.
More recent comparison of the data and curve­fit analysis showed that while the
Log­normal did not fare really well among the researchers, piecewise defined distributions
could model the distribution better. For the range of diameters between 1.0µm and
1000µm, the Pareto distribution of order 2 was found to model the diameter distribution
more accurately. In addition to the apparent mathematical simplicity of the fit, the Pareto
distribution also could be used for a wide range of diameters thereby encompassing a
wider array of respiratory activities (Balachandar et al., 2020).
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Figure 2.7 The Rosin­Ramler diameter distribution (Dbouk & Drikakis, 2020a).
The Pareto fit equation is given in Equation 2.7, where Ω is the normalization constant
that has been extrapolated from experimental data. Here, Ω has been taken to be 0.061





d1 ≤ dp ≤ d2
0 otherwise
(2.7)
It was noted that the smallest length scales in which water droplets tended to break was
about 100nm (Opfer, Roisman, Venzmer, Klostermann, & Tropea, 2014). Based on this,
the smallest and largest diameter in Equation 2.7 was defined as 100nm and 1mm
respectively. Further, the cumulative frequency distribution of the number of droplets for
each diameter suggested by Balachandar et al. (2020) showed that most number of
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droplets were clustered towards the 1µm range while the maximum volume was occupied
by droplets of larger diameters.
Once the initial diameter distribution has been fixed, the next Lagrangian input
parameter was the definition of breakup models to be used. As per data provided by
Bourouiba et al. (2014), the breakup of a cough and sneeze happens through
fragmentation of liquid sheets into small droplets. It has been shown that there are two
ways that this can happen. One way is with the formation of unstable rims along the edges
of the sheets and an eventual breakup (Balachandar et al., 2020) while the second way is
with the formation of holes in the center of the sheets and an eventual fragmentation into
smaller droplets (Opfer et al., 2014). In both cases, the Modified Taylor Breakup Analogy
model used by Pendar and Páscoa (2020) and Busco, Yang, Seo, and Hassan (2020) seems
to model the droplet breakup sufficiently well. Another common breakup model used by
Dbouk and Drikakis (2020a, 2020b) is the Pilch­Erdman breakup model also models the
secondary breakup of sprays in the quite accurately.
The final input parameter for Lagrangian formulation of a cough was the dependence
of droplet size on evaporation into the flow­field. The Ranz­Marshall correlation used by
multiple studies estimate that the rate of evaporation (and hence mass loss) of a droplet is
a function of the square of the droplet diameter at that instant in time. This is also a
function of the Reynolds number, Nusselt number and the Sherwood number which define
fundamentally the mass and momentum properties of the droplet (Balachandar et al.,
2020; Dbouk & Drikakis, 2020a; Pendar & Páscoa, 2020; Busco et al., 2020).
Based on the input parameters outlined, Dbouk and Drikakis studied the dispersal of
cough droplets under conditions of no flow and outdoor conditions of air flow at 4 km.h−1
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Figure 2.8 A Comparison of the different Probability Distribution fits in different studies
(Balachandar et al., 2020).
and 15 km.h−1. The results showed that the droplets tend to cool down and evaporate
soon after they left the mouth due to the temperature difference. This was minimally
affected by the relative humidity. As the wind speed increased, the evaporation rate
increased leading to higher aerosolization and larger penetration distance.
Dbouk and Drikakis (2020b) also investigated the effect of masks on the droplet spread
under conditions of no background flow. A surgical mask of standard thickness was tested
and the fate of droplets passing through the mask was investigated. The mask itself was
modelled as a porous wall placed a small distance away from the inlet. The study revealed
that a significant proportion of the larger droplets was trapped in the region between the
mask and the mouth. However, due to this entrapment, there was an increase in
momentum of the smaller particles that passed through the mask thereby enabling them to
travel the same distance with greater momentum. Another key result obtained was that the
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mask diffused off single cloud produced by a cough and generated much smaller clouds
with much drier air that leaked out of the sides of the mask.
Other computational studies aimed to provide more information on the difference
between droplet spread obtained by different diameter distribution functions discussed
above and thus develop an informed basis for social­distancing policies. An LES
simulation with a flow time of 0.2 seconds implemented a Langevian model to better
understand the trajectory of droplets ejected by a cough (K. Liu, Allahyari, Salinas,
Zgheib, & Balachandar, 2021). The results were unsprisingly in agreement with Dbouk
and Drikakis leading to the conclusion that the smaller droplets were propelled ballistically
forward while the larger droplets tended to fall out of the ballistic cloud and be influenced
by the action of gravity. The study also showed that within the first 0.2 seconds of flow
time, a realistic cough could travel as far as 75 cm ­ 80 cm away from the source and thus
act as an effective means of enhancing the spread of aerosoloized droplets. The study also
showed that the clouds were self­similar in nature and would reduce their velocity as they
entrained more ambient fluid; which is in agreement with Bourouiba et al. (2014).
Yet another study which has been significant in the understanding of the spread of
diseases studied the motion of the head during a cough or a sneeeze. Busco et al. (2020)
tried to model the spread of the droplets generated by a sneeze in a more realistic manner
by accounting for the momentum imparted by the motion of the head during sneezing. It
was shown that the motion of the head effectively increased the spread of sneeze droplets
by a factor of 2 to 4 as compared to the cases simulated by Dbouk and Drikakis (2020a).
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Figure 2.9 Comparison of the Liquid Penetration Length at different wind speeds (Dbouk
& Drikakis, 2020a). As the wind speed increased, the cloud travelled a distance of 4 m
and 6 m in lesser time, indicating an updraft and a smaller cloud diameter.
2.4. Scope of the Current Work
This chapter summarized and presented in an organized manner the key experimental
and computational efforts made to understand the complex flow­field interactions
produced by a cough or a sneeze. The key physics included studies on turbulence,
turbulent modelling, secondary breakup models, atomization, initial droplet diameter
distribution, initial droplet velocity and the combined effect of all of these in the eventual
spread of respiratory droplets. However, the influence of background flow in the near
field during the initial transient is still yet to be understood clearly. Thus, efforts are now
made to simulate the spread of droplets very near to the mouth during the first 200
milliseconds of the respiratory activity and investigate their spread in case of background
flow. Results of the same could be used as more reliable input to further far­field studies
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Figure 2.10 Droplets engulfed in a warm cloud 0.54 seconds after ejection (K. Liu et al.,
2021).
with different background flow conditions. As indicated in Dbouk and Drikakis (2020a),
the role of ventilation in the spread of droplets is still not clearly understood. The
simulations in the current study could be a small step in that direction.
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3. Numerical Modelling
The current study focuses on simulating the spread of respiratory droplets in the initial
transient phase of the activity with and without background flow. This is done using the
open­source CFD Simulation software called OpenFOAM (v2006) written in C++
language using object oriented formulation. As with the other studies outlined, an
Eulerian­Lagrangian framework is used to simulate the spread of droplets. Based on
studies conducted by Dbouk and Drikakis (2020b) and Balachandar et al. (2020), the
droplet cloud usually travels a distance of 75­80 centimeters during the initial transient
phase.
Keeping this in mind, the geometry is modelled as a cuboid of with a length of 1 meter,
height of 50 centimeters and a width of 50 centimeters. The gravitational forces are
computationally defined to be in the negative­z direction (same as the height of the
cuboidal domain). Finally, the respiratory activity itself is modelled as a non­isothermal
spray with droplets released using a pre­defined number diameter distribution. For a
proper definition of computational sprays, information on models about their behavior
within the flow field (like breakup and atomization) are required in addition to the
standard input parameters discussed in previous literature reviews. Details about the exact
number distribution function, the inlet cone angle, the number of computational parcels
(and particles per parcel) and the initial velocity function are outlined in later sections. It
must be noted that since OpenFOAM uses Finite­Volume formulation, the integral form of
the conservation equations are solved as opposed to the differential conservation equations
solved by Finite Difference Solvers.
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3.1. The Eulerian Flow Field
The continuous phase of the flow­field is solved using the Compressible formulation
of the Unsteady Reynolds Averged Navier Stokes (URANS) equations with k − ω SST
(Shear Stress Transport) turbulence formation.
3.1.1. Numerical Modelling
To start with, the continuous flow­field is defined as a mixture of O2 and N2 in a 21:79
ratio by moles. The species conservation equation is then solved numerically to account
for the evaporation of H2O from the cough droplets. As per the method for Reynolds
Averaging, the total velocity field is divided into a mean velocity and a fluctuating
component.
uf,i = uf,i + u
′
f,i i ∈ (1, 2, 3) (3.1)
The time­mean of the fluctuating component is defined to be identically zero. This
leads to the modified form of the conservation of mass and momentum equations. The






































σf,i,j = −ρfu′f,iu′f,j (3.4)
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where the last term in Equation 3.3, namely −ρfu′f,iu′f,j , or σf,i,j in Equation 3.4 is the
Reynolds Stress term which describes the effect of fluctuations in the flow and is to be
modelled using the k − ω turbulence formulation. This is done as shown in Equations 3.6



















The relation between k and ω in Equation 3.5 is given by the governing equations for
the k − ω SST (Shear Stress Transport) model. It is worthwhile to note here that the Shear
Stress Transportation formulation not only takes into account the good freestream
performance of the standard k− ϵ turbulence model but also the good wall performance of
the standard k − ω turbulence model; all the while restricting the number of equations to
two. This is done with the help of blending functions that transition the nature of




























+Gω − Yω +Dω (3.7)
In Equations 3.6 and 3.7, Gk and Gω are the production terms, Γk and Γω are the
effective diffusivity terms and Yk and Yω are the dissipative terms. The final term in
Equation 3.7 is the cross­diffusivity term. All these terms are generally experssed as
functions of k and ω in terms of model coefficients that have taken standard values in this
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simulation. Once the values for the turbulent kinetic energy and the specific dissipation
rate (ω) is obtained for each cell at every timestep, Equations 3.3 and 3.2 can be solved.
The imbalance arising in Equation 3.2 due to evaporation of droplets is accounted for by
the species conservation equation. The use of k − ω SST formulation is appropriate here
owing to the fact that the cough jet is essentially a freestream jet and the model itself is
designed to compute the turbulence properties under freestream conditions. Because of
the near field focus in spatial coordinates, wall functions are not enabled in the modelling
of ω and no blending function is applied.
Finally, because of the energy exchange happening due to evaporation of droplets, the
Energy equation is solved for the Eulerian flow field. The specific heat at constant
pressure cp is evaluated using the JANAF coefficients for Nitrogen and Oxygen and then
the enthalpy is computed using the energy equation. The transport properties for air
(viscosity and Prandtl number) are evaluated using the standardized Sutherland’s Law. It
must be noted here that for the temperature range under interest, these formulations are
more accurate than frozen thermodynamics (where variation in transport properties with










Finally, the carrier phase (air) is treated as an ideal gas and the perfect gas equation of
state is used to calculate the temperature which is in turn used with the Energy equation
for the calculation of the Enthalpy.
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3.1.2. Numerical Schemes
Because of its unsteady nature, time marching is done using Eulerian scheme which is
first order accurate. For traversing in space, multiple terms use multiple schemes. The
gradient terms (∇ ·X where X is any property of interest) are discretized using the
Gaussian linear scheme. This is essentially central differencing in the interior points and
application of standard boundary conditions in the boundary faces of the control volume.
The Gaussian Linear scheme of OpenFOAM is essentially second order accurate and
unbounded in nature. It yields a bit of oscillatory nature which is controlled using a low
Courant number.
The next terms to consider are the divergence terms in Equations 3.2, 3.3, and 3.5.
These are also solved selectively using second order schemes for properties of interest
(such as pressure and velocity) and using first order schemes for the other properties.
Particularly, linear upwinding schemes are used for discretizing the divergence terms in
the pressure and velocity equations while gaussian standard schemes are used for the
discretization of the divergence terms in Equations 3.6 and 3.7. Finally, wall normal
treatment is done using second order Gaussian Upwinding scheme for all the properties
involved.
3.2. The Lagrangian Flow­Field
The Lagrangian particle tracking is applied to simulate the behavior of individual
droplets in this simulation. In some cases, this method is also known as the discrete parcel
method (DPM) (Crowe et al., 2012), where collections of particles of similar behavior are
grouped together and solved as a single “parcel”. Studies show that having upto 10
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particles per parcel provides an ideal solution set (Pendar & Páscoa, 2020). Hence, that is
used as the reference in this simulation.
3.2.1. Numerical Modelling
The key equations solved for each parcel include those of its trajectory, momentum
and temperature. Using the conditions mentioned in Dbouk and Drikakis, the only forces
acting on the droplet include the drag force and the net force of gravity (Gravity and
Buoyancy). Of ultimate interest is the trajectory of the particles. This is computed in




To determine the velocity of the droplet, up, the forces acting on the droplet are
resolved and the differential equation so arising is solved in Equation 3.10 which
identifies only Drag force and Gravitational force as the external forces acting on the
droplet. Other forces such as the Saffman Lift force and the Basset time history force can
be neglected due to the size distribution of the said droplet (Busco et al., 2020; Fontes et
al., 2020). The drag force acting on the droplet is the Stokes Drag (Balachandar & Bagchi,
2003) and the dependence of the coefficient of drag on the Reynolds number for the same
is given using the Schiller­Naumann correlation (Crowe et al., 2012; Balachandar &




























1 ≤ Rep ≤ 1000
0.44 Rep ≥ 1000
(3.12)
Because the flow of cough droplets is essentially categorized as a dispersed flow
phenomenon, the Reynolds number of the droplet (hereafter used interchangeably with the





The second dominant force appearing in Equation 3.10 is the net gravitational force.
The net gravitational force acting on the droplet is the combined effect due to gravity and







With the culmination of Equation 3.14, most information to compute up in Equation
3.10 is available with the exception of the change in mass with time. This is significant
due to diffusive mass transfer (evaporation) that happens in case of a cough and a sneeze
(Tang et al., 2009; Chao et al., 2009). Here the evaporation is modelled using the
“LiquidEvaporation” model which considers air to be an ideal gas and solves for the
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source terms to be added in the species conservation equation (see section 3.1.1.). The








In Equation 3.15, Sh is the Sherwood number, Sc is the Schmidt number, τp is the particle
relaxation time (a measure of the momentum time scale) and ξM is the potential function
driving the evaporation of particles (Dbouk & Drikakis, 2020a). The potential function is
determined by the Spalding number (BM) and takes into account Raoult’s Law of






where Λ is the mass fraction of water at the surface (subscript s) and at far field (subscript
∞). The mass fraction of the fluid at the surface influences the vapor­pressure of the fluid
at the surface thereby influencing the overall evaporation behavior of the droplet. The
denominator in Equation 3.16 is an indicator of the relative mass fraction of water vapor
in the ambient air; namely, the relative humidity (RH). In this case, dry conditions are
assumed and due to this, the RH is taken as zero. Further, it must be noted that the
droplets simulated are assumed to comprise only of H2O and the effects of dissolved salts










Finally, the Sherwood number is computed using the Ranz­Marshall Correlation
(Balachandar & Bagchi, 2003; Crowe et al., 2012; Dbouk & Drikakis, 2020a) as detailed
in Equation 3.19.
Sh = 2 + 0.6Re0.5p Sc
0.33 (3.19)
The potential function ξM depends on the Spalding number due to which it indirectly
also depends on the temperature difference between the droplet and the carrier fluid. Thus,
it also becomes important to solve the energy equation for each droplet parcel involved.
The enthalpy of the droplet changes with the evaporation rate and must thus be solved in
conjuction with Equation 3.15. The key modes of heat transfer to the droplet include that
due to convection and the net radiation experienced by the droplet. In this case, the
temperature difference between the droplet and air is considered small enough to neglect










Due to the inherently violent nature of a respiratory event as a cough, the number of
droplets in the flow­field keeps changing with time. In case of simulations, the initial
droplet number diameter distribution is provided as an input parameter and tracking is
done for daughter droplets created by breakup and collisions. Here, the initial droplet
number diameter distribution is given by the Rosin­Rammler equation (see Equation 2.6)
with a mean diameter of 80µm and an initial spread factor of 8. As summarized in
Scharfman et al. (2016), the breakup of droplets in case of a cough is driven due to
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acceleration of the droplets in the jet. Thus, the Pilch Erdmann breakup model is used for
tracking the initial breakup into daughter droplets.
As per Bourouiba et al.(2014) and Scharfman et al.(2016), although the respiratory
event in itself is violent, the peak velocity point of ejection is reached pretty early on
during the event. It can be deduced from this that there is not much negative relative
velocity in a cough for droplets to collide, coalese and form larger droplets; or have the
breakup driven by inter­droplet collisions. Hence, no collision model is used for
modelling the initial transient time period considered in this study.
An integral part of numerically modelling the spread of droplets is an accurate
definition of the interaction between Lagrangian fields and the Eulerian fields. In
multiphase flows, the interaction and coupling between the different phases depends
primarily on the concentration of the dispersed phase in the carrier phase.
In case of highly disperse flows, the exchange of mass, momentum and energy
between the carrier phase and disperse phase has the potential to modify the behavior of
the disperse phase; but not of the carrier phase. This type of interaction is referred to as
one­way coupling. Conversely, if the interaction between particles and carrier phases
influences the property of the carrier phase itself (like in case of sluggish flows), then the
coupling can be termed as two­way coupling. Yet another type of coupling, the four way
coupling exists; where the interaction between two particles also affects the flow field in
addition to interaction between the dispersed and carrier phases. Clearly, the key factors
influencing the coupling are the concentration of particles and the time duration of
interaction. In the current study, while the concentration of particles is sufficiently large,
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the time duration of study is small enough to neglect extreme coupling. Hence, one­way
coupling is used in modelling the interaction.
3.2.2. Numerical Schemes
Due to the meshless tracking of the droplets in this simulation, important choices have
to be made regarding the Eulerian properties that affect the behavior of the particles. The
bridge between the Eulerian and the Lagrangian flow analyses is done by interpolation
and various numerical schemes for different quantities involved.
Physically, the main Lagrangian properties influenced by the Eulerian flow­field
include the particle velocity and the particle temperature. Depending on the location of the
particle in the overset mesh of the Eulerian flow field, the carrier velocity and temperature
are interpolated and used. At any given timestep, if the parcel is present “inside” a control
volume, the velocity and temperature of air computed using linear interpolation between
the center of the control volume and the parcel location is used for the computation in
Equations 3.10 and 3.20. On the other hand, if the parcel is on a particular face between
two cells in the flow­field, the space averaged property between the cell centers is used.
This is the “cellPoint” interpolation scheme in OpenFOAM. For other properties such
as density and specific heat at constant pressure, the cell center value is directly used
irrespective of the parcel location. The discretization schemes in space and time remain
the same as in section 3.1.2.. Due to this, the maximum Courant number of each parcel is
taken to be 0.5 for stability purposes.
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3.3. Boundary Conditions
Given the size of the geometric domain, the key properties of interest are velocity
vectors of the fluid and the droplet, the temperatures of the fluid and droplet, the time
varying droplet number diameter distribution, the mass transfer of the droplets due to
evaporation, and the penetration distance for the cough jet.
Standard pressure outlet boundary condition is used at the outlet (1 m away from the
mouth, in the direction of the cough). Standard atmospheric pressure and temperature
conditions are assumed throughout the flow­field (Pamb = 101325Pa and Tamb = 20 oC).
The temperature of the droplet at the mouth is fixed at 37 oC and the background velocity
in the flow­field is 0.5ms−1 in conjunction with the maximum air velocity under comfort
conditions. The treatment of turbulence at the boundaries is done using the standard
OpenFOAM turbulence wall functions specified in the k − ω SST formulation. Finally, in
order to realistically simulate the behavior of the droplets near the boundaries, they are
allowed to escape from all the boundaries inclusive of the bottom of the domain. This is
mostly done keeping in mind the near­field evolution of the droplets and the initial
transient time.
3.4. Geometry and Mesh
The simulation emphasises the study of Near Field dispersion of cough droplets during
the initial transient period of the activity. In keeping with this, the geometry is considered
to be a cube of dimensions 1 m x 0.5 m x 0.5 m with the mouth being located at one of the
walls.
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Figure 3.1 The Geometry used for the simulation (captured at 10 milliseconds of flow
time). The red spray indicates the orientation of the cough jet in the Positive­X direction.
Gravity is in the vertically downward direction. Using Right Handed Coordinate system,
the positive direction of y­axis is into the page.
Structured, uniform, mesh with 250,000 cells is used in meshing the domain. This
equates to a cell volume of 1 cm3 for each cell. All of the boundaries in the domain are
essentially treated as interfaces in order to enable smooth input for larger far­field studies.
The tracking of Lagrangian particles has been implemented using meshless DPM models
as indicated previously. Due to its extremely orthogonal nature, the mesh quality was
reasonably high. The maximum non­orthogonality was zero (due to the uniform,
structured hexahedral cells) and the cell maximum skewness had a very low value of
5.5× 10−14. Details of the geometric parameters and location of spray inlet is seen clearly
in Figure 3.1. The dark red plume indicates the propagation of the cough droplets.
Gravitational acceleration is defined to be in the negative z­direction. The domain extents
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are commensurate with the geometric lengths of the cuboid mentioned earlier. For ease of
computations, the origin of the domain is on the geometric center of one of the side walls.
The cough jet is ejected from the mouth with a time varying velocity consistent with
Scharfman et al.(2016) with a peak of 8.8ms−1 occuring at the peak velocity time as given
in Gupta et al.(2009). The mouth is modelled as a circle with diameter of 4 centimeters
located at the mid point of the vertical plane at the extreme left (see Figure 3.1).
3.5. Grid Independence Study
The current study places emphasis on the initial transient duration of a cough in the
near­field of the respiratory activity. Since the ultimate interest is in the trajectory and
spread of the droplets, focus is placed on the liquid penetration distance for determining
the number of cells required to have a converged solution. As will be clarified in Section
4.2.1., the liquid penetration distance is defined as the distance travelled by 95% of the
liquid droplets in the system. For the current system, it is deemed that any variation less
than 0.1 millimeters is sufficiently accurate for the time duration considered here.
Table 3.1
Details of the Grid Independence Study





In lieu of this, the base case (see Table 3.2 for details) was simulated till a flow time of
250 milliseconds had been reached. Four cases of mesh­density were considered each with
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increasing fineness in the direction of the cough jet and the liquid penetration distance for
each case was recorded. A summary of the same is presented in Table 3.1. It can be seen
that the accuracy condition of the liquid penetration distance changing by less than 0.1
mm between successively increasing mesh density is met when the number of cells is
250,000. Hence, further simulations are carried out using this value of 250,000 cells.
3.6. Simulation Cases
Due to the interest in background flow and the initial transient in the near field,
simulations using OpenFOAM software are carried out for different configurations. A
base case with no background flow is carried out and compared with the results provided
by Dbouk and Drikakis following which a nominal background flow is introduced into the
domain. A brief literature survey on the circulation of air inside the room resulted in the
observation that for the current domain, the nature of background flow is essentially
uniform for the initial transient period of 250 milliseconds.The choices of velocities are
made after noticing that in a normal indoor setup, the comfort conditions for airflow speed
is not more that 0.5ms−1 as indicated by the American Society of Heating, Refrigeration
and Air­Conditioning Engineers. (ASHRAE, 1992).
Table 3.2
Simulation cases in the study
Orientation Velocity (inms−1) Physical Description
No direction 0 No background flow­Base Case.
+ X direction 0.25 Airflow behind the subject
+ X direction 0.5 Airflow behind subject, max ventilation
­ Z direction 0.5 Subject coughing below a vent
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Following the establishment of the base case, comparisons of the other cases are made
with each other as well as the base cases. Key properties of interest include the liquid
penetration length, the effect of velocity on the transverse spread and the mean diameter
variation over the initial transient flow time.
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4. Results and Discussion
In the current study, the spread of droplets is simulated during the initial transient
period of a cough. Based on Table 3.2, the base case which shall be used as a reference is
one with no background flow. Post processing for the simulations were done using open
source Paraview software (Ayachit, 2020) developed by Kitware in collaboration with
Sandia National Laboratories (SNL). The initial droplet number diameter distribution is
the standard Rosin­Rammler distribution which agreed well with Dbouk and Drikakis
(2020a).
Figure 4.1 Initial droplet number distribution histogram. This agrees well with previous
studies (Figure 2.7) which also uses the Rosin­Rammler Diameter Distribution.
4.1. No Background Flow
In building the reference case with no background flow, it was seen that the only
driving force contributing to a change in velocity of air was the velocity imparted to the
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molecules by the cough droplet. The particle velocity contour at 10 milliseconds of flow
time is shown in Figure 4.2(a). It can be seen that the jet velocity is maximum near the
mouth with a value of about 9 m/s. The divergence (spread angle) has been previously set
to be between 25 and 30 degrees.
Very close to the flow, there exists a Rayleigh­Plateau instability (K. Liu et al., 2021)
which leads to some of the larger droplets being left behind leading to their exit from the
jet as evident from the sparse blue region just before the formation of the cloud. These
hydrodynamic instabilities are in principle responsible for the reduction in relative motion
between the water jet and the ambient air thereby leading to the formation of a cloud
(Bourouiba et al., 2014). The location of hydrodynamic instability seems to propagate
further along with the jet. The cloud seems to slow down the jet velocity (except for the
central core) and growing in radius due to entrainment. Further time frames of the particle
velocity illustrate this phenomenon clearly. Due to the effect of gravity, there is a slight
downward curvature in the jet trajectory which is lightly visible in Figure 4.2(c). It was
also noted that the total vertical displacement of the cloud center was less than 25
centimeters during the initial transient time period of simulation.
The liquid penetration length increased with time and was consistent with the value
reported by Dbouk and Drikakis (2020a) which noted that under conditions of no
background flow, the cough droplets travelled a maximum distance of 30 centimeters
during the first 250 milliseconds of flow time. It could thus be established that the current
case with no background flow is consistent with the existing literature review and can be
used as a base for comparison against other cases.
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(a) Particle Velocity at 10 milliseconds (b) Particle Velocity at 20 milliseconds
(c) Particle Velocity Distribution at 30 milliseconds
Figure 4.2 Particle velocity distributions at different flow times with no background
velocity. The location of a hydrodynamic instability seems to propagate further along with
the jet. The cloud velocity is slower than the jet velocity (except for the central core) and
growing in radius due to entrainment. A horizontal line defined by z = 0 is used as a




In conjunction with Table 3.2, simulations were carried out for a uniform period of 250
milliseconds with background flow. Three cases of background flow were considered;
namely flow past the mouth with a constant velocity of 0.5 m/s and 0.25 m/s along the
direction of the cough jet; and flow past the mouth in the vertically downward direction
with a constant velocity of 0.5 m/s. The physical implications behind these cases is
mentioned in Table 3.2.
4.2.1. Liquid Penetration Length
In all the three cases with background flow, not much change was noted in the liquid
penetration length. This has to do with the fact that the magnitude of background flow
velocity is so low that the inherent momentum of the cloud dominates the momentum
imparted to the cloud by the flow­field. Particularly, the difference between the two
velocity cases in the direction of cough jet was small enough that the effect of gravity
overpowered the cloud dynamics resulting in the penetration length being almost the
same. In the case of background flow from the top in the direction of gravity, the jet did
indeed get deflected downwards during the initial transient. However, the net liquid
penetration length (defined as the distance travelled by 95% of the total mass) did not
change appreciably.
Dbouk and Drikakis (2020a) have fleetingly showed that during the first 250
milliseconds of the activity, the distance travelled by the cough jet is almost the same
irrespective of the background velocity. In order to see an appreciable change in the
penetration distance, studies would need to consider larger velocity ranges and longer time
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durations. This is justified here as well, leading to believe that during the initial duration
of a cough, the jet momentum dominates any external momentum sources regardless of
the magnitude and direction of the external momentum source (here specified as a
background flow).
Figure 4.3 Cumulative Liquid Penetration Lengths for different background velocities. A
background flow in the ­Z direction tends to slow down the overall distance of the cloud
after about 150 milliseconds of flow time.
As can be seen in Figure 4.3, the change in the penetration distance due to background
flow is minimal during the first 150 milliseconds of flow time. Beyond 150 milliseconds,
the slope of the line indicating background flow in the direction of gravity (purple line)
decreases leading to the conclusion that beyond 150 milliseconds of flow time, the cloud
velocity in Case IV (refer Table 3.2) reduces along the axial direction and increases
asymmetrically in the radial direction. To rephrase, a reduction in propagation velocity of
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the cloud is accompanied by an asymmetric increase in the radial spread; with the increase
in velocity being greater in the downward radial direction as compared with other radial
directions.
The liquid penetration distance seems to be independent of the background flow
direction for background flow in the direction of the cough jet for the entire duration of
flow time. This is also expected as the magnitude of flow velocity is much less than the
actual jet velocity as mentioned earlier. It must be kept in mind that the penetration length
in this case is defined as the distance travelled by 95% of the liquid mass inside the cloud
from its ejection point. Thus, droplets that have evaporated and formed droplet nuclei are
not considered here.
Another point to note is that the background flow may have an effect on the rates of
evaporation and eventual droplet size. This follows from the Ranz­Marshall correlation
(see Equation 3.19) where the Sherwood number is calculated as a function of the
Reynolds number of the particle. Since the Reynolds number of the particle is calculated
based on the relative velocity between the particle and the carrier phase, the Sherwood
number changes with velocity and time thus altering the rate of mass lost due to
evaporation. This is investigated in further depth in future sub­sections.
4.2.2. Cloud Formation Characteristics
Simulations with background flow showed that the clustering behavior of droplets
does indeed change with different magnitudes and orientations of background flow; even
during the initial transient period. In the first 10 milliseconds of flow time, the cloud
formation was inhibited for all three cases of background flow. Further, during later time
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steps (towards the end of the initial transient), the cloud behavior for all cases was almost
identical. For the remainder of this work, a cloud is defined as the region at the base of the
conical distribution, where droplets cluster together and flow at a slightly lower velocity
than the core jet velocity.
4.2.2.1. Flow Along the Cough Jet
For both the velocities tested in the axial direction, the tendency to form clouds was
noticeably lower than the case without background flow. This probably has to do with the
fact that an increase in background velocity tends to increase the momentum transport due
to particle convection thereby lowering the residence time for interaction with the
Eulerian flowfield. As seen in Figures 4.4 and 4.5 captured at 10 milliseconds of flow
time, the particles with higher velocities are concentrated towards the center of the jet
while particles with lower velocities tend to drift away from the center. However, this
timestep is still early on in the ejection stage and a meaningful conclusion that can be
drawn from this is that the particles with minimum velocities at this flow time are likely
going to be the driving factors for hydrodynamic instabilities later on in the flow field.
Comparing Figures 4.4(a) and 4.4(b) (which has been reproduced here from Figure
4.2(a) for clarity), it can be seen that the droplets are slightly more disperse with respect to
the horizontal reference line in Figure 4.4(b) as opposed to droplets still concentrated
closer to the jet horizontal reference line in Figure 4.4(a). This leads to the conclusion that
the convective effects of background flow in the direction of the jet has the potential to
delay the breakup and disintegration of droplets. From the perspective of far field
simulations, this means that larger droplets either evaporate more quickly leading to
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formation of smaller clouds and enhanced spread; or they fall off after a longer time being
entrained in the flow­field. This behavior of large droplets experiencing a delayed fallout
has not yet been studied and further experimental investigations is necessary to understand
this observation better.
(a) Axial background flow of 0.5 m/s (b) No background flow
Figure 4.4 A comparison of Particle Velocity Distributions in case I and the base case
captured at 10 milliseconds of flow time. A horizontal visual reference at z = 0 is
superimposed on the images. The maximum velocity is concentrated towards the center of
the jet and seems to increase by a small amount when moving away from the origin. The
minimum velocity occurs at the edges of the conical distribution.
Comparing Figure 4.5(a) and Figure 4.5(b), it can readily be seen that the droplets are
more clustered towards the centerline in Figure 4.5(a). This further supports the
conclusion that the presence of background flow acts as a convective driving force
keeping the particles closer to the central core. It is worthwhile to note here that the
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(a) Axial background flow of 0.25 m/s (b) No background flow
Figure 4.5 A comparison of Particle Velocity Distributions in case II and the base case
captured at 10 milliseconds of flow time. A horizontal visual reference at z = 0 is
superimposed on the images. Similar to Figure 4.4, particles with higher velocity are
concentrated towards the central core of the jet. The particles with minimum velocity
appear at the edge of the conical distribution.
acceleration experienced by particles in cases with background flow is slightly lower than
that those without background flow.
Comparisons are now made on the cloud evolution at identical time steps for the cases
with non­zero background flow. Figure 4.6 illustrates the velocity distribution at 20 and
30 milliseconds of flow time. It can be seen that extent of cloud formation is less than the
base case without background flow (Figures 4.2(b) and 4.2(c)). Regions of particles with
slower velocity along the edges of the conical distribution is not as prevalent as in the base
case. On the contrary, comparison of Figure 4.6(a) with Figure 4.7(a) shows that a slower
background velocity magnitude enhances the potential development of instability regions.
This conclusion is justified because of the presence of low velocity particles along the
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(a) Velocity Distribution at 20 milliseconds (b) Velocity Distribution at 30 milliseconds
Figure 4.6 Particle Velocity Magnitude Distribution at 20 and 30 milliseconds with a
background flow of 0.5 m/s. The black line at z = 0 is used as a visual reference for
determining deviation of centerline due to gravity and other effects.
(a) Velocity Distribution at 20 milliseconds (b) Velocity Distribution at 30 milliseconds
Figure 4.7 Particle Velocity Distribution at 20 and 30 milliseconds with an axial
background flow of 0.25 m/s. A horizontal line at z = 0 is superimposed for reference.
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upper and lower edges of the cone in Figure 4.7(a) which get longer in Figure 4.7(b).
These low velocity particles are not seen in the case with a background flow of 0.5 m/s.
4.2.2.2. Downward Background Flow
Changing the orientation of background flow influences the cloud formation by
enhancing the tendency to form clouds; albeit slightly offset downward from the
centerline of the jet. However, it still does not form large clouds as seen in the base case.
This is seen in Figure 4.8(a) and Figure 4.8(b) where the low velocity pockets are seen to
occur at around 20 milliseconds. Further, the jet seems to have a slight downward
curvature at 30 milliseconds due to the combined effect of downward flow and gravity as
seen in Figure 4.8(c). It is also possible to note the shift in particles of slower velocity to
the lower part of the conical distribution in Figure 4.8(c).
Under the influence of downward background velocity, the tendency to form a cloud
and entrain ambient air thereby forming a puff is reduced. However, a quick comparison
with cases of axial flow shows that in case of downward flow, the formation of clouds is
enhanced as opposed to previous cases. In other words, downward flow tends to inhibit
the convective transport of momentum leading to higher residence times and eventual
cloud formation.
Finally, it must be mentioned that a downward flow tends to act as a self­separating
method for segregating droplets of different diameters. As seen in Figure 4.9, even though
the initial velocity distribution at release was symmetric about the centre­line, the
proportion of droplets developing a downward velocity component tends to increase when
moving along the axis towards the curved end of the conical distribution.It is also seen in
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Figure 4.9 that most of the droplets below the horizontal reference line have a downward
velocity component while most of the droplets above the horizontal reference line seem to
have an upward velocity component.
(a) 10 milliseconds
(b) 20 milliseconds (c) 30 milliseconds
Figure 4.8 Particle Velocity Distribution with a background flow of 0.5 m/s in the
downward direction. A horizontal line at z = 0 is used as reference for ascertaining
deviation of the centerline due to gravity.
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Figure 4.9 Vertical velocity distribution at 30 milliseconds of flow time for the case of
downward background flow at 0.5 m/s. The horizontal line superimposed at z = 0 is used
as a visual reference. Most particles above the horizontal reference have upward directed
velocity while those below it have downward directed velocity.
This could possibly point to the droplets retaining their original conical distribution
due to the short timestep considered in this snapshot. What this could also mean is that the
proportion of large droplets influenced by gravity is higher than the proportion of small
droplets influenced by buoyancy.
4.2.3. Evaporation Characteristics
In addition to the velocity distributions previously discussed, another important
parameter of interest is the droplet diameter distribution as a function of time. As
mentioned in the literature review, this is the end result of a lot of complex physical
mechanisms such as droplet collision, atomization, breakup and evaporation. Due to the
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short initial transition period of focus in this study, evaporative mass transfer (and an
eventual diameter reduction) is the dominant factor over the others. Thus, evaporation
characteristics are of interest in this study.
Fundamentally, evaporation not only leads to loss of mass from the droplet but also
changes the temperature of the immediate near field due to transfer of energy to and from
the droplet. In this study, it is of interest to determine the effect of background velocity on
the temperature distribution and thus extrapolate the evaporation characteristics of the
droplets. To recapitulate, the LiquidEvaporation model of OpenFOAM is used for
determining the evaporation characteristics of water droplets.
During the initial stages of the respiratory activity, all the droplets are ejected from the
mouth at a temperature equivalent to the human body temperature (310 K); into an
ambience which is drastically cooler (293 K) . Thus, the droplets undergo rapid cooling
and evaporation thereby reducing the mean diameter over longer periods of time (Dbouk
& Drikakis, 2020a). However, during the initial duration of the cough, the mean diameter
stays almost constant (or sometimes rises) because of the observation that whatever
volume (proportional to dp
3) is lost due to evaporation is compensated through ejection of
new droplets from the mouth. In order to observe the effect of evaporation more clearly, it
is thus important to focus on the later time instances (typically, just before the end of
injection). Hence, results in this section are discussed for a time instant of 100
milliseconds. In order to visualize the evolution of temperature distribution, a brief
discussion at 10 milliseconds of flow time is reported. The particle temperature
distributions for all four simulated cases at 10 milliseconds is shown in Figure 4.10.
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(a) No Background Flow (b) 0.5 m/s in the axial direction
(c) 0.25 m/s in the axial direction (d) 0.5 m/s in the downward direction
Figure 4.10 Particle Temperature distribution (in Kelvin) each case simulated. The
contours are captured at 10 milliseconds of flow time and a horizontal line at z = 0 is
superimposed for reference. This timestep is too early to show any significant change in
distributions. However, a slightly flatter end for Figure 4.10(d) can be seen as opposed to
the other cases.
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Several features of the profile is visible in Figure 4.10. At 10 milliseconds of flow
time, the difference in particle temperature distributions in cases with axial background
flow is not very deviant from the reference case of no background flow. However, in the
final case, a change in the direction of background flow reveals that the distribution
profile is slightly flatter than the other three cases; further bolstering the observation on
inhibition of cloud formation characteristics.
Quantitatively, it is seen that even in case of axial background flow, there is a
difference in the temperature distribution histograms with respect to the reference case. A
histogram of the droplet temperature distributions at 10 milliseconds for the reference case
and the case with an axial flow of 0.5 m/s is shown in Figure 4.11. Two key observations
can be made here. Firstly, the number of droplets at nearly body­temperature
(310.15± 2K) is different in the case with no background flow as compared to the case
with an axial background flow. Secondly, the proportion of droplets above 310 Kelvin in
the reference case differs significantly from the latter case.
A cumulative integration of the histogram provides information on the total number of
droplets while integrating for the area under the curve with the lower limit being 310
Kelvin provides information on the number of droplets greater than or equal to 310
Kelvin. Doing this for both the cases, it is seen that while the total number of droplets in
both cases was the same, approximately 25.31% of the droplets in the reference case is
closer to or above the body temperature while this value is approximately 30.66% in the
case with axial flow of 0.5 m/s.
This could probably allude to the fact that due to the convective transport of the
droplets due to background flow, droplets released at 310 Kelvin tend to sustain their
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(a) No background flow
(b) Axial flow of 0.5 m/s
Figure 4.11 Comparison of Droplet Temperature Histograms at 10 milliseconds of flow
time.
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initial temperature for a longer duration. One can thus infer that an increase in magnitude
of background flow in the axial direction is likely to inhibit the cooling of droplets during
the initial transient.
Under conditions of no background flow, Figure 4.12 shows the temperature
distribution of the particles at 100 milliseconds of flow time. There is a slight curvature of
the centerline trajectory due to gravity. The larger droplets which are falling out of the
cloud are seen to have a cooler temperature than the core of the jet; which is the expected
behavior. At 100 milliseconds, only a small fraction of the droplets have reached close to
the ambient temperature of 293 K. This proportion is lower in presence of axial
background flow as seen in Figures 4.13 and 4.14.
Figure 4.12 Droplet Temperature distribution at 100 milliseconds with no background
flow. A horizontal line at z = 0 has been superimposed for visual reference.
78
Figure 4.13 Droplet Temperature distribution at 100 milliseconds with a background flow
of 0.25 m/s in the axial direction. A horizontal line at z = 0 has been superimposed for
visual reference.
Figure 4.14 Droplet Temperature distribution at 100 milliseconds with a background flow
of 0.5 m/s in the axial direction. A horizontal line at z = 0 has been superimposed for
visual reference.
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Figure 4.15 Droplet Temperature distribution at 100 milliseconds with a background flow
of 0.5 m/s in the downward direction. A horizontal line at z = 0 has been superimposed
for visual reference.
In case of downward flow, the results are different. A quick comparison of Figures
4.10(a) and 4.10(d) shows that the initial droplet distribution in the jet in case of
downward background flow is slightly less rounded than the case without background
flow. The effect of gravity and downward convection is prevalent leading to a downward
bias in the droplet distribution possibly leading to a flatter distribution at 10 milliseconds.
Further, a similar analysis of the histogram (as in case of axial flow) shows that at such
early timestep of 10 milliseconds, the proportion of droplets at or greater 310 Kelvin is
much higher at approximately 48.83% as compared to previous cases. This observation
however changes as the injection period nears completion.
Towards the end of the injection period (at 100 milliseconds), the presence of
downward directed background flow potentially leads to better cooling. Comparing
Figures 4.12 and 4.15, one can see that a lot more particles are nearer to the room
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temperature of 293 Kelvin in the latter. This can be better understood by analyzing
Figures 4.16 and 4.17.
Figure 4.16 Droplet Temperature Histogram at 100 milliseconds of flow time for the
reference case.
A quick visual comparison of Figures 4.16 and 4.17 shows that the number of droplets
near body temperature in the latter case is almost twice the number of droplets near body
temperature in the former case; even though the cumulative number of droplets in the
system is the same. This could point to a possible enhancement in droplet breakup being
balanced by the number of droplets lost due to evaporation.
Numerically integrating the histograms in Figures 4.16 and 4.17, it is seen that the total
number of droplets in the system has obviously increased. For analysis purposes, it is of
interest to determine the proportion of droplets closer to room temperature. It was deemed
that any droplet with a temperature lower than 300 Kelvin had undergone enough
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evaporation to be considered close to room temperature. This value was 0.08% for the
base case while approximately 1.37% for the case with downward directed background
flow. This supports the visual observation made by comparing the temperature
distribution contours in Figures 4.12 and 4.15. From the histogram, it can also be seen that
most droplets (greater than 95% in all cases) possess a temperature greater than 300
Kelvin and a majority of them have their temperatures between 305 Kelvin and 310
Kelvin; from which it can be inferred that the evaporation and cooling process begins very
early in the flow­field.
Figure 4.17 Droplet Temperature Histogram at 100 milliseconds of flow time for
downward directed flow of 0.5 m/s.
It can finally be concluded that in case of downward background flow, the combined
effect of gravity and ambient flow velocity creates a bias in the droplet diameter
distribution. Larger droplets (inherently unstable) tend to fall off quicker than other cases
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thereby enhancing their evaporation and eventual formation of droplet nuclei. Of further
interest is the presence of a pronounced gap between the lower, cooler droplets and the
central core (Figure 4.15) leading to a possible enhancement of breakup and atomization
through formation of sheets and bags, as validated using High Speed Imaging (HSI)
techniques (Bourouiba et al., 2014).
4.3. Summary
Thus far, the behavior of droplet laden jets have been studied under different
background flow conditions. Of interest in this effort was the initial transient period for
which not much data exists. Simulations were carried out using Eulerian­Lagrangian
formulation to track the flow­field and particles suspended in the flow. One­way coupling
and use of the Pilch­Erdman breakup model in OpenFOAM ­1912 yielded the results
presented in the current chapter. In order to better investigate the behavior of droplets, two
key parameters were considered.
It was seen that under conditions of axial background flow, the droplets did not collect
together to form clouds and entrain ambient air. The convective momentum transport
outweighed the cloud formation dynamics leading to overall linear propagation with
minimal circulation as compared to the reference case with no background flow. When the
orientation of background flow was changed from axial to vertically downward; the
formation of clouds was enhanced; albeit not to the extent of the base reference case. This
also points to an inhibition of the convective transport of properties in the axial direction.
The second parameter considered was a determining factor in the droplet diameter
distribution as a function of time. It was identified that evaporation was a dominant factor
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in determining the diameter distribution of droplets during the initial phase of the
respiratory event. Due to this, the temperature distribution of the droplets were
investigated. It was seen that an axial background flow did not have much effect on the
temperature distribution contour as compared to the base case . This is not a surprising
finding considering the large magnitude of the droplet velocity compared to the
background flow velocity; leading to a very small difference in Reynolds number with
reference to the Reynolds number of the base case.
Figure 4.18 The percentage of droplets near body temperature at 10 milliseconds of flow
time increased as the magnitude of axial flow velocity increased. The trend is opposite for
a flow time of 100 milliseconds.
However, while the overall shape of the contour did not change, it was noted that the
droplets were potentially able to withstand any heat transfer processes for a longer time
when the magnitude of axial background flow increased. Figure 4.18 shows the
proportion of droplets near the initial droplet temperature at 10 milliseconds and 100
milliseconds of flow time.
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It is observed that while the droplets are able to sustain any heat transfer effects at 10
milliseconds, they quickly tend to cool down. It is seen that the convective transport of
droplets due to axial background flow has a minimal, yet noticeable effect in the cooling
of droplets at 100 milliseconds. This is coherent with yet another observation made from a
visual comparison of Figure 4.12 with Figures 4.13 and 4.14. It is seen that the proportion
of droplets closer to room temperature decreases as the axial flow velocity increased;
however, the proportion of droplets in the cooling phase (between 300 Kelvin and 305
Kelvin) increased as the axial background flow velocity increased. This observation is
extrapolated from a more fundamental observation that as the background flow velocity
increased in the axial direction, the proportion of droplets closer to room temperature
decreased. This, in conjunction with Figure 4.18, led to the conclusion that the proportion
of droplets in the cooling phase must increase.
In case of downward flow, there was an enhanced evaporation with reference to the
base case and the fraction of droplets at room temperature after 100 milliseconds of flow
time was greater than the case with no background flow although by a small percentage
amount. Overall, the current study provided information on the cloud formation
characteristics and temperature dependence in cases of different background flow
orientations and magnitudes for the initial transient period of a respiratory event such as a
cough. The results from this can be used for investigations in the far field regions at
longer time duration more accurately thereby providing researchers with better tools for
understanding in depth, the complex physical mechanisms at play.
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5. Conclusions
The current study focused on understanding elements of physics at play during the
initial transient phase of a cough jet. After a brief motivation outlining the necessity to
understand the airborne spread of droplets a literature survey was conducted. The key
experimental studies investigating different aspects of the flow­field were summarized
and used as input to the computational investigations that followed. Computational
techniques and investigations of the far field behavior of a cough were outlined.
Disagreements on the droplet diameter distribution and cloud formation mechanisms were
noted. Due to the sensitive dependence of the dynamics of cloud formation and droplet
diameters at large time on the initial transient, efforts were made to simulate the spread of
droplets in the near field during the initial phase of the respiratory event.
As detailed in Chapter 3, an Eulerian­Lagrangian approach was used to solve for the
flow field while tracking the motion of the droplets using numerical methods and schemes
mentioned in the chapter. Two cases of background flow directions were considered;
namely axial and vertically downward; owing to their practical implications in the current
scenario. In order to understand the effect of velocity magnitude; the axial flow velocities
were varied between cases of no background flow and maximum velocity for comfort
conditions.
Analyses were performed with a focus on the cloud formation and evaporation
characteristics. These parameters are of interest owing to their influential role in the
eventual determination of the droplet velocity distribution (decided by the cloud dynamics)
and the droplet diameter distribution (influenced by evaporation characteristics). The
velocity and diameter of the droplets eventually decide the dominance of buoyancy versus
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drag versus gravitational forces acting on the droplet; thus determining its trajectory. Key
results obtained from the simulations are summarized below:
• As the flow velocity in the axial direction increased, the convective momentum
transport increased.
• Due to an increase in the convective momentum transport and concentration of
particles closer to the jet centerline; cloud formation characteristics were inhibited.
• As the magnitude of axial velocity increased; the tendency to inhibit cloud
formation strengthened.
• A change in the background flow direction from axial to vertically downward
reduced the axial convection leading to better cloud formation.
• The cloud formation in all cases with background flow (irrespective of magnitude
and direction) was inhibited. The extent of inhibition changed with magnitude and
direction.
• Background flow in the vertically downward direction tended to separate larger and
smaller droplets more effectively and tended to have a clustering of cooler droplets
near the lower end of the conical droplet distribution.
• During the initial period of injection, the droplets were able to sustain any cooling
(or heat transfer) better in the presence of axial background flow.
• When the orientation of background flow changed from axial to vertically
downward, the proportion of droplets near the initial temperature was much higher
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than the cases with axial background flow. However, due to the combined action of
gravity and downward forcing velocity, the droplets cooled much faster to room
temperature.
• Cooling of droplets and their eventual evaporation was enhanced in the presence of
background flow irrespective of magnitude and direction as opposed to the case
without background flow.
Humanity still has a long way to go in the understanding of the spread of airborne
diseases. For instance, a lot of experiments outlined herein restricted the motion of the
head during a cough and a sneeze. Experience has shown that restricting the motion of the
head during a cough can potentially manipulate the sites of origin of droplets in the upper
respiratory tract of the subject and thus affect the flow field. Simulations focusing on the
spread of droplets and momentum imparted due to the motion of the head can go a long
way in predicting the trajectory of droplets in the near and far field domains. Another
potential area of study includes attempts to solve for the turbulence phenomenon in a
cough using Direct Numerical Simulation (DNS) techniques. Thus far, only limited
studies exist on DNS solution of the near field and far field domains due to a cough and a
sneeze owing to the large computational cost necessary to carry out the same. Future
studies could focus on understanding in depth the turbulent flow­fields affecting the
droplet trajectory during the initial and later duration of violent respiratory events. An
in­depth understanding of the spread of diseases will not only contribute to improving
overall human health; but will also enable engineers and scientists to understand the
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